Previous studies of reconstructed glenohumeral kinematics have shown how joint conformity helps control humeral head translations (Harryman et al., 1995; Karduna et al., 1997) . These investigations contribute to the understanding of joint motion, but do not address how conformity might affect joint loading. Although the glenohumeral joint is not weight bearing, it certainly is load bearing. Various biomechanical models predict peak forces during humeral elevation ranging from half to close to full body weight (Inman et al., 1944; Poppen and Walker, 1978; Ringelberg, 1985; Karlsson and Peterson, 1992) . These forces are substantially less than those at the hip and knee joints; however, there is also considerably less bone available for implant fixation. Consequently, in order to design an appropriate arthroplasty system, it is crucial to determine the loading patterns of this joint.
Introduction
Previous studies of reconstructed glenohumeral kinematics have shown how joint conformity helps control humeral head translations (Harryman et al., 1995; Karduna et al., 1997) . These investigations contribute to the understanding of joint motion, but do not address how conformity might affect joint loading. Although the glenohumeral joint is not weight bearing, it certainly is load bearing. Various biomechanical models predict peak forces during humeral elevation ranging from half to close to full body weight (Inman et al., 1944; Poppen and Walker, 1978; Ringelberg, 1985; Karlsson and Peterson, 1992) . These forces are substantially less than those at the hip and knee joints; however, there is also considerably less bone available for implant fixation. Consequently, in order to design an appropriate arthroplasty system, it is crucial to determine the loading patterns of this joint.
Clinically, failure of the glenoid component, either due to joint instability or glenoid loosening, is the primary complication of shoulder arthroplasty (Cofield, 1991) . When designing the articular surface of a glenoid component, however, a balance must be achieved between preventing instability and guarding against excessive reaction forces, which may ultimately lead to glenoid loosening.
When assessing the effects of joint loading, it is often helpful to study component stresses or strains. This information can be used to find the orientations and cyclic nature of loading, and can also be compared to known material properties to determine the risk of material failure. The standard method for measuring surface strains is with resistive strain gages. Although this methodology has been designed primarily for use with high modulus materials such as metals, there has been considerable investigation into the use of strain gages on plastics (Mitchell, 1979; Perry, 1987 Perry, , 1988 Little et al, 1990) . As long as gage reinforcement effects are quantified, this procedure provides a means for determining strains on polyethylene implant components.
There are few data available on the biomechanical consequences of articular surface design variations in total shoulder arthroplasty as they relate to glenohumeral kinematics and glenoid loosening. Specifically, the consequences of altering component conformity are not well understood. To help address this problem, several hypotheses have been developed and tested in the present study: (1) Changing either joint conformity or applied medial loads has a dramatic effect on the force-displacement relationship of the glenohumeral joint; (2) the consequence of increasing medial loads is more pronounced in natural joints when compared to prosthetically reconstructed joints; (3) the strains developed at the keel of a prosthetic glenoid component are strongly influenced by joint conformity.
natural, cartilaginous joints, and seven were prosthetically reconstructed joints. After completion of these kinematic studies, specimens were stored frozen and thawed at room temperature prior to experimentation for the present study.
Each cartilaginous joint was stripped of muscles, ligaments, and labrum, leaving just bone and cartilage remaining. The scapula was cut at the level of the superior notch, also removing the acromion, and the humerus was cut proximally to the level of the deltoid tuberosity. Both the scapula and humerus were potted with Bondo car body filler (Dynatron/Bondo Corp., Atlanta, GA) in metal tubes with 3.0 and 1.5 in. outer diameters, respectively. In order to reduce specimen bending, the scapula was potted to the level of the glenoid neck and the humerus was potted to the surgical neck.
Each reconstructed joint scapula had previously been implanted with keeled glenoid components using standard clinical techniques (Rockwood, 1990) . The scapula was cut and potted using the same procedure as for the cartilaginous joint. The reconstructed joint humerus was not used in the present study. Instead, a 1.5-in.-dia aluminum cylinder was machined with a reverse Morse taper on one of its faces for attachment of modular humeral head components.
Shoulder implants consisted of humeral head and glenoid components with radial mismatches of 0, 1, 2, 3, 4, and 5 mm (DePuy, Warsaw, IN) . Keeled glenoid components were made of enhanced UHMWPE (Hylamer) with a nominal radius of curvature of 25 mm for the articular surface. Six cobalt-chrome alloy humeral head components with nominal radii of curvature of 25, 24, 23, 22, 21 , and 20 mm were used.
All of the glenoid components currently manufactured for clinical use contain either grooves or holes that are machined into the keel, presumably to serve as a mechanical interlock since bone cement does not bond to polyethylene. The clinical positioning of the grooves for the implants selected is asymmetric. The location of one of these grooves was altered for the present study to create a symmetric arrangement so that strain gages could be mounted at the same level on both sides of the keel (Fig. 1A) .
Two rosette gages (PA06-031RB-120 LEN, JP Technologies, Upland, CA) were mounted onto the keel of each glenoid component. The orientation of these rosettes was such that the middle gage was aligned perpendicular to the face of the glenoid surface ( Fig. 1 (B, C) ). Wires from these six gages were wound together into one strand ( Fig. 1(C) ), which was run through a hole in the back of the glenoid vault prior to cementing the component in place with PMMA. Each gage was inserted in one leg of a Wheatstone bridge circuit on a EXP-GP Signal Conditioner Multiplexer (Keithly Metrabyte, Taunton, MA). The output signal from the bridge, which was proportional to gage strain, was amplified and fed to an A/D board. Preliminary studies of a single implant indicated that measurements tested over time and freezing/thawing cycles did not alter the pattern of strain observed.
Strain Gage Validation. In addition to errors associated with reinforcing effects, errors may result from changes in resistance due to thermal effects, since plastic is a poor heat sink. In order to reduce both of these errors, plane rosette gages were used instead of stacked rosette gages (Perry, 1988) . To avoid soldering lead wires onto gages after they are bonded (which could melt the plastic), preattached lead wires were used (Mitchell, 1979) .
These rosette gages consisted of three individual gages (each ' gage is a square with sides of approximately 0.75 mm) mounted on a six by four millimeter polyimide backing. According to the manufacturer, these gages were linear up to a strain of 0.05. They were special ordered with two foot length pre-attached lead wires on each solder tab. The length of these wires allowed them to be attached directly to a screw terminal, so that no To determine the accuracy of strain measurements, four-point bending tests were performed according to the ASTM D790-92 standard (1993) . Four beams were machined from Hylamer with the same thickness as the glenoid component keels (five millimeters) and two rosettes were bonded to each beam, one on either face (same alignment as for the keel). Bending tests were conducted up to strains of 0.01 on a four-point bending jig mounted to the actuator of an MTS 312 load frame (MTS Systems Corp, Minneapolis, MN). During testing, stains were measured experimentally with the strain gages and predicted from MTS displacement data and standard equations for beam bending.
The relationship between strains measured by the gages and predicted by beam theory was found to be linear over the strain range tested (0 to 0.01). Mean measured strains were found to be 84 percent of the predicted strains (range: 81 to 89 percent in compression, 83 to 92 percent in tension).
Glenohumeral Joint Experimental Apparatus. A biaxial translation table was mounted to the actuator of the MTS load frame to allow for translations orthogonal to the axis of the actuator. The glenoid was clamped onto the table and aligned so that the medial/lateral (ML) and superior/inferior (SI) axes were in-line with the table axes, and the anterior/posterior (AP) axis was in-line with the actuator axis (Fig. 2) . For cartilaginous joints, the humerus was clamped to the MTS load frame so that when the humeral head was in contact with the glenoid, it was elevated approximately 45 deg in the plane of the scapula. For reconstructed joints, the aluminum cylinder was clamped to the MTS load frame with its face parallel to the glenoid surface (Fig. 2 ). This alignment of the humeral head for both types of joints ensured maximum coverage of the glenoid surface.
AP translations were controlled by the MTS and monitored with an internal LVDT, while ML translations were unconstrained and monitored with an LVDT (Transicoil, Inc, Valley Forge, PA) mounted beneath the translation table. AP forces were measured by a load cell (Lebow, Troy, MI) which was fixed to the MTS frame above the humerus. A constant medial joint centering force was maintained during each test by means of a pulley and hanging mass system (Fig. 2) . A total of six masses were used, yielding nominal medial loads of: 10, 50, 100, 200, 300, and 400 Newtons. All rotations as well as SI translations were constrained so that experiments were conducted with two degrees of translation freedom: AP and ML.
For glenoid radius of curvature measurements, a ten millimeter diameter ball bearing was attached to the aluminum cylinder used to hold the modular heads. For humeral head radius of curvature measurements, the same ball was attached to the glendid mount on the translation table.
Experimental Protocol. Before each experiment, the humeral head was centered in the glenoid cavity by adjusting the AP and SI translations until the head was in its most medial location, which represented the deepest portion of the glenoid socket. The table was locked for translations along the SI axis in this position. Before each experiment, the joint was translated posteriorly, to its starting position, and a constant medial force was applied with a hanging weight.
Each test consisted of a prescribed anterior translation over a period of 60 seconds, followed by posterior translation, to the starting position, over another 60 second period. For cartilagenous joints, this AP translations was ±3 mm. For reconstructed joints, this translation was increased linearly from ±3 mm for 0 mm mismatch joints to ±8 mm for 5 mm mismatch joints. Data were continuously recorded at 5 Hz for each experiments. Medial loads ranged from 10 N (minimal deformation) to 400 N (approximately half body weight).
For reconstructed joints, the experimental protocol was designed to test the effects of joint conformity and medial loads, and consisted of three experiments as follows: Experiment 1. All six humeral heads were tested in a random order with a medial load of ION. Experiment 2. One head was chosen randomly and tested under sequentially increasing medial loads of 10, 50, 100, 200, 300, and 400 N. This experiment was only performed with one head per specimen, since preliminary results indicated that this procedure produced deformation of the polyethylene, which was not immediately recoverable. The choice of heads was such that each head size was tested in at least one specimen.
Experiment 3. The specimen was preconditioned with the 22 mm head with a 400 N medial load for five complete cycles of anterior/posterior displacement, which resulted in reproducible force and strain measurements. All six head sizes were then tested in a random order, with a medial load of 400 N.
For the cartilaginous joints, since there was only one head per joint, only the second experiment, in which the head size was kept constant and medial loads were increased, was performed.
For reconstructed joints, radius of curvature measurements were made before experimentation. This involved translating the 10-mm-diam ball bearing 30 mm across both the glenoid and humeral head articular surfaces while data were recorded at 0.25 mm increments. A two Newton medial load was applied to insure contact between the ball and articular surface.
Rigid Body Translation Theory.
A theoretical model relating forces and displacements at the glenohumeral joint was adopted from the work of Walker and Wolf on the knee joint (1978) . Derivations for all equations in this section can be found in Karduna (1997) . For the humeral head to translate, a proper ratio of transverse to axial forces (defined as the normalized force) must be applied, where transverse can represent the inferior, superior, anterior, or posterior directions and axial represents the medial direction. Assuming rigid body motion, the relationships between these parameters are represented in Eqs. (1), (2), and (3) as follows:
T. Before rim loading,
II. Initial rim contact,
III. During rim loading,
where F x and F, are the transverse and medial forces, respectively, x is the transverse translation, R g and R h are the radii of curvature of the glenoid and humeral head, respectively, d is the glenoid wall height, and \i is the coefficient of friction between the components. Zero translation of the humeral head (x -0, y = 0) is considered to be when it is positioned at the most medial point of the glenoid articulation.
Since the diameter of the ball bearing used for radius of curvature measurements, R b , was not negligible when compared with the articular surfaces, the path it traced was not a true circle. In order to correct for this, the same model was employed. The theoretical relationship between the transverse (y) and medial (x) displacements of a ball in contact with a concave surface (the glenoid) is given by,
The relationship for a ball in contact with a convex surface (the humeral head) is given by,
In Eq. (1), the independent variable, normalized force (FJ F y ), and the dependent variable, transverse displacement (x), were used to curve fit values for the free variables: effective radial mismatch (R g -/?,,) and coefficient of friction (p,). Since this Eq. (1) is nonlinear in these variables, the LevenbergMarquardt algorithm in KaleidaGraph (Synergy Software, Reading, PA) was used. The term effective radial mismatch can be thought of as the mismatch the joints would have to have in order to behave in the manner observed. Since the effective radial mismatch of Eq. (1) is calculated from forcedisplacement data and the actual radial mismatch of Eqs. (4) and (5) is calculated from displacement data only, these mismatches do not necessarily have to be in agreement. The inclusion of the frictional coefficient in Eq. (1) accounted for any offset due to inaccuracies in the location of the most medial position of the joint. Simulations show that an initial offset of up to 0.2 mm would only result in a 1 percent change in the calculated effective radial mismatch. Data from this experiment were only considered from the most medial position of the joint until 80 percent of the maximum force had been achieved.
Accuracy. Calibration curves for both LVDT's were found to be linear to within 0.02 mm over the ranges used. Similarly, the load cell was show to be linear to within 0.4 N. Additionally, the load cell was found to be relatively insensitive to medial loads in the configuration chosen (<1 percent error). Radius of curvature measurements for implants were shown to be accurate to within 0.2 mm by comparing MTS measurements of metal spheres with precision caliper measurements of the same spheres. For strain measurements, the resolution of the A/D board was 19 microstrain.
Statistical Analysis. Systat 5.2 for the Macintosh (Systat, Evanston, IL, 1992) was used for statistical analysis. A linear regression analysis was performed to compare theoretical predictions and experimental values of radial mismatch at low loads. A repeated measures ANOVA was performed with two within subject factors: direction (anterior and posterior) and medial load (10-400 N). Regression analysis was used to compare these linear trends for normal and implant joints. For compressive strain data, a one-way repeated measures ANOVA was used to determine the effects of radial mismatch. For tensile strains, a repeated measures ANOVA was performed with two within subject factors: transverse force and radial mismatch. For all ANOVA tests, contrasts were used for comparisons of the means (Kirby, 1993) .
Results

Force-Displacement Relationships (Experiment 1).
Changes in radial mismatch (R g -R h ) were found to have a dramatic effect on the relationship between the normalized force (FJF y ) and transverse displacements (x). As radial mismatch decreased, so that a joint became more conforming, the slope of this curve dramatically increased. This was observed both theoretically and experimentally (Fig. 3) . Theoretical predictions of the effective radial mismatch of Eq. (1) were correlated with measured radial mismatches of Eqs. (4) and (5) (r 2 = 0.94) (Fig. 4) . There was no significant difference between the observed slope of 1.05 and the idealized slope of 1 (p > 0.2) when this low medial load of 10 N was applied.
Effects of Medial Loads (Experiment 2).
The shape of the experimental normalized force versus transverse displacement relationship was found to change when the medial load was increased. For both natural and implant joints, the slope of this curve decreased as the medial load increased (Fig. 5) . In order to quantify this effect, the same approach of fitting values for radial mismatch from Eq. (1) nous and reconstructed joints, effective radial mismatches were calculated as a function of medial force for both anterior and posterior translations. No differences were found between anterior and posterior translations for natural (p = 0.83) and reconstructed (p = 0.34) joints so the results for these two directions were averaged together. For natural joints, the effective radial mismatch was found to increase significantly as a function of medial load with a slope of 0.017 mm/N (p = 0.001). Similarly, a significant increasing slope of 0.0055 mm/N was observed for implant joints \p = 0.0003). The slope for the reconstructed joints was threefold greater than the slope for the normal joints (p < 0.0001) (Fig. 6 ).
Keel Strains (Experiment 3).
Of the 14 rosette gages used in the present study, 5 were eliminated from the analysis due to failure of at least one gage in the rosette, as noted by saturation or no change of the output signal. In general, for the remaining nine rosettes, the principal strains were aligned along the ML and SI axes. Different ML strain patterns between humeral heads were noted when plotted versus displacement, although these differences tended to be less dramatic when plotted versus force (Fig. A Natural 7). When the head was in contact with the glenoid rim on the same side of the component as the gage, slight compression was recorded from the gage (Fig. 7(A), point a) . As the head translated toward the center of the joint, this compressive strain continued to increase until a maximum compressive strain was noted when the head was approximately at its most medial position, where it was centered in the glenoid socket ( Fig. 1(A) , point b). As the head continued to translate, the compressive strains began to decrease and eventually turned into tensile strains ( Fig. 7(A) , point c). These tensile strains increased until rim loading, at which point they tended to plateau (Fig.  7(A), point d) .
Journal of Biomechanical Engineering
Tensile strains were calculated for each head size from transverse forces ranging from 100 N (where tensile strains first started to develop) to loads of 150 N (which was below the maximum transverse force for all experiments). There was a linear increase in tensile strains as the transverse load increased (p < 0.0001) (Fig. 8) . Although tensile strain patterns were similar for differing conformities, the conforming head produced tensile strains that were 30-50 percent greater than means for nonconforming heads (p < 0.05) (Fig. 8) .
Maximum compressive strains were found to occur when the head was close to its most medial position (Fig. 7(A), point  b) . Mean maximum compressive strains ranged from 0.0016 for conforming joints to 0.0023 for joints with a radial mismatch of 5 mm. A polynomial contrast revealed a slight but significant linear increase in maximum compressive strains as joints became less conforming (p < 0.0001) (Fig. 9 ). Force-Displacement Relationships. This is the first study to investigate the theoretical and experimental effects of changing joint conformity on the force-displacement relationships at the glenohumeral joint. The theoretical rigid body model utilized in the present study was first introduced by Walker and Wolf (1978) . Although subsequent investigations have applied this theory to the study of knee laxity (Walker, 1982; Walker et al., 1995) , this approach had not been previously applied to the glenohumeral joint, in which the geometry and loading conditions are different.
It was shown in the present study that the rigid body model behaves well for low medial forces, predicting lower forces for less conforming joints for the same amount of translation. At higher medial forces, however, the model consistently overestimates transverse forces. This reduction in force was also ob- served by Walker et al. (1982 Walker et al. ( , 1995 in knee implants and was attributed to local deformation of the polyethylene. These changes in the force-displacement relationship as a function of altering either joint conformity or medial loads support the first hypothesis of this study. Although joint surfaces may have been asymmetric, the effects of increasing medial loads were the same for both anterior and posterior translations, since no difference in the changes of the effective radial mismatch were found. It is important to point out that this does not indicate that the absolute loads are the same, but rather that increasing medial forces resulted in the same patterns of resisting translations.
Implant
The decrease in effective radial mismatch as medial loads were increased was found to be threefold greater in cartilaginous joints than in reconstructed joints, thus supporting the second hypothesis of this investigation. These results are perhaps not surprising, considering the relative compliances between cartilage and polyethylene. These results have important implications with regard to implant designs. Matching the conformity of the natural joint with a reconstructed joint is difficult due to the variability of this parameter as reported in the literature Fig. 7 ). Data are plotted as means (n = 9). p-value for linear polynomial contrast. * p < 0.05-contrast between conforming joint and group mean of five nonconforming joints. (Maki and Gruen, 1976; Davidson et al, 1991; Iannotti et al., 1992; Soslowsky et al., 1992; Kelkar et al, 1993; Friedman et al., 1994) . Even if this design were achievable, however, it would probably represent an additional restraint to translation, based on the results of the present study. The importance of determining the appropriate amount of joint conformity is indicated by the significant influence it can have on glenohumeral kinematics (Karduna et al., 1995) .
Keel Strains. The strains reported in the present study are estimated to be 10-20 percent below actual strain values due to gage reinforcement effects on plastic, which is consistent with the results of Finlay and Bourne (1989) . The results from the gages indicate that keel strains are significantly affected by joint conformity, supporting the third hypothesis of this investigation.
Maximum compressive strains at the glenoid keel were almost 50 percent higher for nonconforming components. Since this occurred when the head was centered in the glenoid, the gages were close enough to the point of contact to be experiencing local effects. The higher strains for less conforming heads are presumably due to the higher contact stresses for less conforming articulations (Bartel et al., 1985; Bartel and Bicknell, 1986) . As the head translated toward the side opposite the site of the gage, and as larger transverse forces were developed, a shift toward increasing tensile keel strains was found. This phenomenon may help explain the high failure rate for constrained prostheses (Post and Jablon, 1983; Post, 1987) , since larger transverse forces are expected for larger wall heights (d in Eq. (2)).
When plotted as a function of applied load, tensile strains were found to be relatively independent of radial mismatch for nonconforming joints. Conforming joints, however, demonstrated a 30-50 percent increase in tensile strains as the head approached the glenoid rim. Although these results may indicate a potential advantage for nonconforming components, the maximum glenoid keel strains found are three to five times below the yield strain for Hylamer (Champion et al., 1994) . However, strains would be expected to be higher internal to a notch, or close to any holes incorporated into a glenoid design.
Model Limitations.
Although previous studies of glenohumeral kinematics have demonstrated translations and rotations along all three axes, the experimental model in the present study was constrained so that only two translational degrees of freedom were considered. Also, this model eliminated any possible contribution of the ligaments, muscles, and intra-articular pressure. The experiment was designed in this manner for simplicity and to isolate clearly the effects of changing joint conformity during the same motion. If other degrees of freedom were not constrained, then a direct comparison between different radial mismatches would have been confounded by these coupled motions. This coupling effect would have been confounded even more by the inclusion other soft tissues. Although deemed necessary, these model simplifications are quite restrictive and tend to distance these experiments from the in vivo situation.
The media] loads used in the present study represent an approximation of what happens in vivo. The choice of 400 N would represent approximately half body weight for a 175 lb male and three-quarters body weight for a 120 lb female. Since the exact choice of medial load is ultimately an arbitrary decision, we chose a reasonable value that would adequately demonstrate deviations from rigid body analysis in the present study. It is unlikely that changing the load within the limits of the biomechanical models would have influenced the study conclusions.
The analytical model used to analyze glenohumeral translations assumes rigid body motion, which is clearly not present in vivo at either the natural or reconstructed joint. The consequence of this limitation is that the model does not give the actual joint radial mismatch, but rather the ideal radial mismatch, which would have the same behavior as the joint in question. Essentially, fitting the data with a rigid body model indicates how different from a rigid body the joint actually is.
The reported strain results of this study do not account for nonuniform strain field along the length of the gages and contact of the gages by bone cement. Other potentially important areas for strain measurement, such as the articular surface and rim of the glenoid, on the bone cement, and on the bone itself, were not studied. Also, each glenoid manufacturer has a different design for the keel geometry, which would be expected to have a significant impact on the strains developed.
Conclusions
Theoretical and experimental results confirm that conformity has a dramatic influence on the slope of the transverse forcedisplacement curve, with conforming joints exhibiting higher forces for the same translations. Also, for the conditions of this study, as medial loads were increased, normalized loading curves shifted to those of less conforming articulations. This effect was threefold greater in cartilaginous, as opposed to reconstructed joints. Therefore, in order to reproduce the translational restraints of the natural joint, an implant that is less conforming may be required.
This study also represents the first reported attempt at measuring component strains experimentally for a shoulder arthroplasty system. As expected, the maximum compressive strain at the glenoid keel occurred when the head was at the deepest (most medial) portion of the glenoid, and were higher for less conforming joints. As the head translated toward the glenoid rim, these compressive strains became tensile, and were independent of joint conformity, except for totally conforming joints, which developed strains up to 50 percent greater than nonconforming joints. Peak strains reported in this study are below those required for polyethylene yielding. However, cyclic loading with a 400 N medial load resulted in fully reversible cyclic strains, and may ultimately contribute to fatigue failure. It is also conceivable that higher strains would be experienced in the clinical version of this glenoid since there is a groove on one side of the keel where the strain gages were mounted.
The potential benefits of reduced constraint, lower strains at the glenoid keel, and increased translations with nonconforming components may be overshadowed by the drawbacks associated with higher contact stresses. If wear turns out to play as dominant a role in implant failure at the glenohumeral joint as is does at the knee and hip joints, then the interaction of this effect with those reported in the present study needs to be investigated. Ultimately, the lack of long-term clinical results and retrieval studies prevents an unbiased assessment of what problems can be expected in the future.
